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a b s t r a c t
A new stoichiometric NdTaO4 (NTO) crystal was grown by the Czochralski (CZ) method for the ﬁrst time
to our knowledge. Parameters of the space group, lattice parameters, crystal cell volume and density for
the as-grown NTO crystal were determined by Rietveld reﬁnement of the X-ray powder diffraction (XRD)
patterns. The NTO single crystal had a high crystalline quality as determined by X-ray rocking curve
(XRC) analysis. Its chemical composition was found to be consistent with the molecular formula of
NdTaO4 as determined from X-ray photoelectron spectroscopy (XPS). The absorption, ﬂuorescence
spectra and other optically relevant properties of NTO were also investigated and compared with the
well known Nd:YAG and some other stoichiometric neodymium laser crystal materials. The large
absorption coefﬁcient with broad full width at half-maximum (FWHM) as well as the relatively strong
emission spectra indicate that the new stoichiometric NTO crystal is a promising material for microchip
lasers.
& 2013 The Authors. Published by Elsevier B.V.
1. Introduction
With the emergence of new high efﬁciency laser materials and
laser diodes (LDs), all solid-state lasers have become the main-
stream in the laser development. Among all solid-state lasers, the
microchip lasers are the smallest and least expensive ones which
can be fabricated into a miniature and monolithic solid-state
cavity [1]. The microchip lasers show many advantages, such as
high efﬁciency, high power, excellent optical beam quality, con-
venient adjustment and long lifetime, and can be operated with
linear polarization, single-frequency and fundamental-transverse-
mode [2]. Due to the short length of the microchip laser cavity,
achievement of a low threshold and high efﬁciency lasers requires
gain medium with the large absorption, long ﬂuorescence lifetime
and good thermal conductivity. Therefore, the exploration of new
materials for microchip lasers with improved performance has
been the continuous focus during the past decades.
The laser crystal used for the microchip laser technique usually
requires a small thickness and a high-concentrating property from
the activating ions in host crystals. The rare-earth tantalates
ReTaO4 (Re¼rare earth) having a relatively high Re3þ concentra-
tion would be new promising candidate materials for microchip
lasers and also have attracted wide attention as potential rare-
earth doped laser hosts [3,4]. Doped and undoped ReTaO4 have
chemical stability and show many other promising characteristics,
such as photoelectronic activity, ion conductivity and lumines-
cence [5]. In Refs. [6–11], the luminescence properties of rare earth
tantalate polycrystalline and single crystals have been reported.
Among all the rare-earth tantalates ReTaO4, the neodymium
tantalum oxide NdTaO4 (NTO) crystal should deserve some added
attention since it hold promise in the development of more
efﬁcient microchip lasers, like other stoichimetric hosts crystal,
such as NdP5O14, Li(or K)NdP4O12, Na5Nd(WO4)4, and NdAl3(BO3)4
crystals, because of which also have a relatively high Nd3þ-doped
ions in the matrix lattices.
Previous research [12,13] on rare-earth tantalates show that
NTO belongs to the fergusonite structure type which is the same
structure as other ReTaO4 (Re¼Sm, Eu, Gd, Tb, Dy, Ho and Er) at
room temperature. It converts to the scheelite structure at higher
temperatures, generally about 1300–1400 1C. Investigations of
Nd2O3–Ta2O5 phase diagram [14] made by rapid melt quenching
method indicate that NTO single phase can be obtained in the
fergusonite structure type from a high temperature melt with the
Nd2O3:Ta2O5 stoichiometry set at 1:1. The melting point tempera-
ture of NTO is quite high, about 1825 1C (known from Ref. [15]) and
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crystal growth of NTO from high temperature melt generally
requires iridium crucibles and intermediate frequency induction
heating. Up to now, information of NTO single crystal growth and
optical characterization has not been reported in literature to our
knowledge.
In this work, NTO single crystals were grown by the Czochralski
(CZ) method, the crystal structure, quality and spectroscopy have
been investigated and analyzed considering its potential applica-
tion as new stoichiometric neodymium laser material.
2. Experimental
An NTO crystal (Fig. 1a) with the size of Ø 3060 mm was
grown from an iridium crucible in N2 atmosphere by the CZ
method with intermediate frequency induction furnace. High-
purity oxides of Nd2O3 (6 N) and Ta2O5 (5 N) were mixed together
in a molar ratio of 1:1 and pressed into disks and sintered at the
temperature of 1250 1C for 24 h in the air atmosphere to obtain
the raw material for crystal growth. The GdTaO4 [16] crystal seed
was prepared for the ﬁrst NTO crystal growth. Subsequently, a new
[1 0 0]-oriented NTO seed crystal was obtained from this boule
and used in the following crystal growth. The NTO crystal growth
process consists of two main stages, namely, shoulder and equal
diameter. Automatic diameter control [17] was achieved through
controlling the power output by the derivative weight gain signal
obtained from the apparent crystal weigh change during crystal
growth. The whole process control was executed by Eurotherm
Model 2604 Controller. When crystal length was up to about
60 mm, the as-grown NTO crystal was pulled from the melt and
then cooled to room temperature for 48 h. During the crystal
growth process, the rotation rate was 6 r/min and the pulling
rate was 1 mm/h, respectively. In order to eliminate the residual
stress of as-grown NTO crystal, an annealing process was carried
out at 1280 1C for 48 h in air and then the boule cooled to room
temperature at rate of 1020 1C/h. Single crystal samples (Fig. 1b)
were cut from the post-annealing crystal perpendicular to growth
direction and polished on both sides to a ﬁnal thickness of 0.4 mm.
The X-ray powder diffraction (XRD) patterns were obtained by
using a PANalytical X'pert PRO diffractometer (Cu Kα radiation,
Kα1¼1.540598 Å, Kα2¼1.544426 Å) on a scan step of 0.03 in the
2theta range of 20–1201, and also the X-ray rocking curve (XRC)
were measured along the b-axis of the NTO crystal. The chemical
composition of the as-grown crystal was investigated using
quantitative X-ray photoelectron spectroscopy (XPS) on a Thermo
Scientiﬁc K-Alpha spectrometer. Un-polarized absorption spectra
were measured using an American Perkin Elmer Lambda 950
UV/Vis/NIR Spectrometer. Photoluminescence spectra were carried
out on a French Jobin Yvon Fluorolog-3-Tau Fluorescence Spectro-
photometer.
3. Results and discussion
3.1. Structure
The structure reﬁnement of NTO was performed with the
Rietveld method using structure parameters in Ref. [18] as starting
values. In the reﬁnement, polycrystalline α-Al2O3 (R-3c, a¼b¼
4.7587 Å, c¼12.9929 Å, α¼β¼901, γ¼1201, Z¼6) was used as a
standard sample to correct the zero-point shift of the XRD data.
The GSAS (General Structure Analysis System) program [19] was
used in our structure reﬁnement. The reﬁnement results of NTO
are shown in Fig. 2a and the crystallographic data are listed in
Table 1.
3.2. Quality
The NTO single crystal in Fig. 1a shows an obvious cracked
section which was detected to be the [0 1 0] plane by XRD method.
This phenomenon was probably caused (from our speculation) by
the phase transition [12,13] from the high temperature scheelite
structure type (SG: I 41/a, No. 88) to the low temperature
fergusonite structure type (SG: I 2/a, No. 15) at 1300–1400 1C
Fig. 1. (a) Single crystal NTO grown by the CZ method; (b) Sliced and polished sample of NTO crystal.
Fig. 2. (a) Rietveld reﬁnement results of the XRD patterns of NTO (the line with ‘▲'
marks represents the observed intensities Iobs; the line with ‘▼’ marks represents
the calculated intensities Icalc; the solid line represents the difference of observed
and calculated intensities Iobs-Icalc; vertical bars below the difference data indicate
diffraction peak positions of NTO and Al2O3 phases); (b) Measured XRC of NTO
crystal along the b-axis.
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during the cooling stage after the crystal growth process. At the
same time, the anisotropic thermal expansion of the material may
also be responsible.
The full width at half-maximum (FWHM) values of 39.6″ and
good symmetry of the measured XRC for the (0 4 0) plane without
any splitting (Fig. 2b) indicates that the NTO single crystal had a
high quality and was suitable for laser applications. The chemical
composition of the top and middle sample cut from the as-grown
crystal was investigated to be consistent with molecular formula
NdTaO4 from the XPS spectrum analysis. During the whole crystal
growth process, the Nd2O3 and Ta2O5 in the stochiometrical ratio
melted congruently and no evaporation occurred. Therefore, the
single NTO crystal was grown stoichiometrically.
3.3. Spectroscopy
The absorption spectrum of NTO crystal is shown in Fig. 3a, the
characteristic features of NTO and some other Nd-doped laser
crystals are listed in Table 2. In the absorption spectrum, four
absorption bands centered at 684.4, 750.0, 808.5 and 882.0 nm can
be observed. They are assigned to the transitions from the ground
state 4I9/2 to excitation state of 4F9/2, 4S3/2þ4F7/2, 2H9/2þ4F5/2 and
4F3/2 corresponding to the data in Ref. [27]. Taking into account
solid-state laser applications, we are concerned more around the
absorption bands from transition of 2H9/2þ4F5/2 (808.5 nm) or 4F3/2
(882.0 nm) which are very broad for the LD pumping without strict
requirements for temperature stability of the pumping LD laser. In
Table 2, the given absorption coefﬁcients of 808.5 and 882.0 nm are
79.6 and 47.8 cm1 which are comparable with that of NdAl3(BO3)4
and much larger than that of the LiNdP4O12 and NdP5O14 crystals.
The 882.0 nm would be a more suitable pumping wavelength than
808.5 nm considering the much higher quantum efﬁciency and
would reduce more heat during the pumping.
The ﬂuorescence spectrum and ﬂuorescence decay curve were
obtained and given in Fig. 3b. There are three distinct emission
bands with range of 864–942 nm, 1042–1112 nm and 1314–1425 nm
which originate from the state 4F3/2 to the state 4I9/2, 4I11/2 and 4I13/2
transitions, respectively. It can be noted that the emission line at
1063.8 nm shows a strong and broad bandwidth with the FWHM of
12 nm (Table 2), which is about 10 times larger than Nd:YAG (width
1.1 nm at 1064.2 nm, in Table 2). This is beneﬁcial to the develop-
ment of tunable or ultrafast lasers. The ﬂuorescence lifetime of NTO
crystal was detected using the frequency tripling of a Nd:YAG laser
as the excitation light to monitor the 1085 nm emission at room
temperature. The decay curve shows a single exponential decay and
the ﬁtting lifetime is 8.4 (71) μs (inset of Fig. 3b). Because the
sensitivity of sensor for InGaAs probe in our testing process was
about 8 μs, the real ﬂuorescent lifetime of the NTO crystal should be
less than the ﬁtting lifetime 8.4 μs. The product of stimulated
emission cross section and ﬂuorescent lifetime semτf is used to
evaluate the spectral performance for a laser crystal [28]. The semτf
value for NTO crystal estimated by the Füchtbauer–Ladenburg (F–L)
formula is 151.21020 cm2 μs. It can be concluded from the semτf
values of different crystals listed in Table 2 that the new NTO crystal
would have a laser oscillation similar to NdAl3(BO3)4 stoichiometric
crystal.
The concentration of Nd3þ ions in the NTO crystal was 1.27
1022 cm3, which is the highest among all investigated stoichiometric
laser crystals as far as we know, and is two times higher than that of
NdAl3(BO3)4 crystal. The advantage of high Nd3þ ions concentration
makes NTO crystals a potential gain medium with much smaller
thickness, so that thermal effect can be greatly reduced, which is
advantageous to acquire high optical beam quality and to increase the
power of the laser. Because NTO crystals have a smaller average
distance of Nd–Nd atoms than that of other crystals, the position ﬁxed
Nd atoms in the unit cell of the stoichiometric NTO crystal show
relatively strong ﬂuorescent quenching. Considering the prospect for
potential applications on high-gain microchip lasers, other rare earth
ions are planned to be introduced into NTO crystal to dilute active ion
concentration in matrix lattice, in order to improve NTO crystal
spectral performance.
4. Conclusion
NdTaO4, a new crystal was successfully grown by the Czo-
chralski method. The space group, lattice parameters, cell volume
and crystal density was determined to be I 2/a (No. 15), a¼5.5153
(8) Å, b¼11.2388(16) Å, c¼5.1184(7) Å, β¼95.731(3)1, V¼315.68
(13) Å3 and ρ¼8.189 g cm3, respectively, by the Rietveld struc-
ture reﬁnement. The single crystal of NTO has a high quality which
was characterized by the XRC data, and its chemical composition
was investigated to be consistent with the molecular formula of
NdTaO4 from the XPS analysis. The absorption and emission
spectra with large bandwidth suggest that the NTO crystal is an
attractive potential gain medium on diode pumped ultrafast or
tunable lasers. Product of stimulated emission cross section and
ﬂuorescent lifetime semτf for NTO crystal was estimated as large as
that of NdAl3(BO3)4 laser crystal which indicated that the NTO
crystal would be a new promising stoichiometric neodymium
material for microchip lasers.
Table 1
Crystallographic data of NTO obtained from Rietveld structure reﬁnement.
Space group Monoclinic, I 2/a (No. 15)
Cell parameters/Å a¼5.5153(8), b¼11.2388(16), c¼5.1184(7), β¼95.731(3)J
Volume of unite cell/Å3 V¼315.68(13)
Z 4
Density/gcm-3 ρ¼8.189
Reliability factors(R-factor) Rp¼6.26%, wRp¼8.34%
Fig. 3. Absorption and emission spectra of NTO crystal with the ﬂuorescence decay
curve (inset) at room temperature. (a) Absorption and (b) Emission.
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Characteristic features of Nd doped laser materials.
Crystal 1at.%Nd:YAG[20] NdAl3(BO3)4[21,22,24,25] LiNdP4O12[20,23] NdP5O14[20,26] NTO[This work]
Concentration(ions/cm3) 1.381020 5.441021 0.431020 0.41020 1.271022
Average distance of Nd-Nd (Å) 19.53 5.60 6.06 6.40 3.87
Lifetime (μs) 225 16 135 115 o8.4
FWHM (nm) 1.1@1064.2 nm 2.5–3@1065 nm 17@1048 nm 5.1@1051.2 nm 12@1063.8 nm
Emission Cross section(1020 cm2) 26.3@1064.2 nm 11@1065 nm 32@1048 nm 20@1051.2 nm 418.9@1065 nm
semτf(1020 cm2 μs) 5917.5 176 4320 2300 151.2
Absorption 9.1@808.4 nm 120@808 nm 40@800 nm 23@800.5 nm 79.6@808.5 nm
Coefﬁcient (cm1) 2.8@868.6 nm 42@885 nm 23.7@862.8 nm 47.8@882.0 nm
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